Introduction
============

Metal nanowires are expected to play a major role in future nanotechnologies. Surface effect, small-size effect and even quantum effects are thus caused and severely affect the physical and chemical properties of these nanomaterials that differ significantly from their bulk counterparts. Such unusual properties have generated interest in nanomaterials for potential applications in electronics, optics, magnetism, sensors, energy storage and catalysis \[[@B1]-[@B3]\]. Controllable growth of metallic nanowires has been a topic of continuing investigation, because of the need to obtain high-performance high-density nanoelectronic devices such as field-effect transistors (FETs), chemical and biological sensors \[[@B4]-[@B7]\]. In order to prepare the metal nanowire arrays, it has been considered that the electrodeposition of the metal nanowires into a template is the simplest and most versatile approach since it does not utilize expensive and sophisticated lithographic processes for defining nanomaterials \[[@B8]-[@B10]\]. The template method has been accomplished using a variety of templates, which are polycarbonate membranes, nanochannel alumina and anodized aluminum oxides (AAO). AAO template especially is an ideal template to the synthesis of metal nanowires as it has good mechanical strength and thermal stability with good controllability of nanowire dimensions \[[@B11]-[@B13]\].

To date, palladium is the most preferred active material for catalytic combustion, methanol oxidation, hydrogen sensors and hydrogen storage devices due to its high selectivity and affinity to hydrogen. Hydrogen is adsorbed and dissociated spontaneously in palladium and its alloys \[[@B14],[@B15]\]. Therefore, Pd is a very special metal, but only a limited number of reports describe the fabrication of Pd nanowires \[[@B16]-[@B21]\]. Favier et al. \[[@B16]\] decorated the edge steps on a graphite surface with Pd by electrodeposition using an electrolyte containing 2 mM Pd^4+^ ions (in 0.1 M HCl or HClO~4~) and then obtained horizontal Pd nanowires. Then, Kim et al. \[[@B17]\] prepared Pd nanowire arrays with an aspect ratio of 10 using Si-based AAO template by pulsed-current electrodeposition and utilizing a commercial electrolyte \[[@B18]\]. Kartopu et al. \[[@B19]\] synthesized Pd nanowires on Au sheet with AAO template using acidic electrolyte and applying constant voltage. Recently, Cheng et al. \[[@B20]\] prepared Pd nanowires on Ti substrate using AAO template by pulse electrodeposition for studying the electrocatalytic activity of Pd nanowires. Cherevko et al. \[[@B21]\] fabricated conoidal palladium nanowire and nanotube arrays by electrochemical deposition into the branched pores of an alumina template.

Mechanism of thin-film metal deposition and structures of electrodeposits on metal substrates have been extensively studied using various electrochemical methods \[[@B22]-[@B24]\]. Despite the technological importance, the mechanism of electrodeposition on a metallic substrate of metallic nanowires has not attracted much attention. Moreover, nucleation and growth of Pd nanowire array on a metal electrode by electrochemical deposition have not been studied yet in detail. More studies are needed to understand the complex nature and mechanism of the electrodeposition of the Pd nanowires on metal electrodes. Keeping such potential applications, a few studies on the nucleation and growth of metallic particles through electrodeposition processes were carried out during past decades. In this paper, we focused on the fabrication of vertical Pd nanowire arrays in AAO template/Au/Ti structure by direct voltage electrodeposition. The fabrication process is similar to the study by Kartopu and his coworkers, but our electrolyte's pH is neutral (7) and has fewer components. We reported new impressive results on the mechanism and kinetics of the initial stages of Pd electrodeposition in AAO template, nucleation and growth kinetics of Pd nanowires endowed with high crystallinity.

Experimental
============

Anodic aluminum oxide templates were fabricated through a two-step anodization of high-purity aluminum foils \[[@B25],[@B26]\]. The obtained AAO templates are prepared for Pd nanowire using electrodeposition method as follows: A thin gold film was evaporated onto one surface of the AAO as-prepared template that serves as the working electrode attached with silver epoxy to Ti foil as substrate. The used Ti foil was polished and cleaned before. Then, the remaining aluminum of the AAO template, which was the opposite side of the Au film, was etched in 5 wt% HgCl~2~ for complete removing. After that, the AAO template was treated again in a 5 wt% phosphoric acid solution at 35°C for 20 min to remove the AAO barrier layer. Schematic diagram of the preparation stages of the AAO template for Pd nanowire electrodeposition was given in Fig. [1](#F1){ref-type="fig"}.

![Schematic diagram of the preparation stages of the AAO template for Pd nanowire electrodeposition](1556-276X-5-1137-1){#F1}

Electrodeposition was carried out in an aqueous solution containing Pd(NH~3~)~4~Cl~2~ with NH~4~Cl (pH value 7) at room temperature, using a three-electrode potentiostatic system(CHI 760C Electrochemical Workstation) with a saturated calomel electrode as a reference electrode and a graphite as a counter electrode. Pd was deposited using a potential of −1 V with 7,200 s deposition time. Then, to obtain free-standing Pd nanowires, the AAO template was dissolved with a 5 wt% NaOH solution for 10 min and then carefully rinsed away with deionized water. X-ray diffraction (XRD, Cu K~α~, *λ* = 0.154 nm), scanning electron microscopy and energy-dispersive X-ray (SEM; EDX, Jeol JSM 6335) were used to study crystalline structures and morphologies of the fabricated Pd nanowires.

Results and discussion
======================

The morphologies of the fabricated AAO template and Pd nanowire arrays were studied by SEM. Figure [2](#F2){ref-type="fig"} shows SEM images of the fabricated AAO template after the second anodization process. The detailed fabrication of AAO template with two-step anodization was given previously \[[@B25],[@B26]\]. The thickness and pore size of the AAO template can be controlled by changing the concentration of electrolytes, the time of anodic oxidation, time of pore widening and other conditions. Figure [2a](#F2){ref-type="fig"} shows top view of the AAO template, Fig. [2b](#F2){ref-type="fig"} shows a cross-sectional view of the AAO template and Fig. [2c](#F2){ref-type="fig"} shows a high magnification cross-sectional view of the AAO template. As clearly observed in Fig. [2](#F2){ref-type="fig"}, fabricated hexagonally straight AAO nanotubes were approximately 55 nm in diameter and 10 μm in length. The nanotubes exhibit almost perfect two-dimensional arrays with a hexagonal pattern. It shows that the formed nanotubes can be comparatively homogeneous without distorting the structures, resulting in them being highly oriented in one direction with a high aspect ratio of approximately 182. From these results, fabricated AAO nanotube density is approximately 2.59 × 10^14^ cm^−2^. The nanotube density (*ρ*) is calculated as 2*/*√3 *D*~int~^2^ × 10^14^ cm^−2^, where *D*~int~ is the interpore distance.

![SEM images of the fabricated AAO template. **a** Top view. **b** Cross-sectional view. **c** High-magnification cross-sectional view](1556-276X-5-1137-2){#F2}

As is seen in Fig. [3a](#F3){ref-type="fig"}, after dipping of the AAO template in HgCl~2~ solution, all of metallic Al was removed according to following cementation reaction (1).

![SEM images of the AAO template. **a** Before removing the alumina barrier layer. **b** After removing of the alumina barrier layer](1556-276X-5-1137-3){#F3}

The reaction products were cleaned from the remaining AAO template by rinsing with water. Hexagonal AAO barrier layers of all the AAO nanotubes were observed on the surface (Fig. [3a](#F3){ref-type="fig"}). The AAO barrier layers prevent the direct electrical contact between the AAO nanotubes and the Ti substrate, so that it is impossible to fill the nanotubes with Pd by electrodeposition. For electrodeposition of Pd in AAO template to be possible, the AAO barrier layers were opened to a bottom electrode. To remove the barrier layer, AAO template was treated with 5 wt% phosphoric acid solutions at 35°C for ca. 20 min. The SEM image of the obtained structure is given in Fig. [3b](#F3){ref-type="fig"}, which shows the surface of the AAO template with opened AAO barrier layer. Thus, the structure is ready for Pd electrodeposition.

Nucleation and growth kinetics in the initial stages of Pd deposition on Au electrode in AAO template were studied using the current transient technique. For electrodeposition of Pd, although the acidic PdCl~2~·2HCl or K~2~PdCl~4~·H~2~SO~4~ electrolytes, the alkaline Pd(NH~3~)~4~Cl~2~ or Pd(NH~3~)~2~(NO~2~)~2~ (P-salt type) electrolytes could be used, we worked with Pd(NH~3~)~4~Cl~2~ + NH~4~Cl electrolyte as it is more chemically stable than the others. The mechanism of Pd electrodeposition on Au electrode depends strongly on the Pd--Au interaction. The kinetics and the mechanism of Pd electrodeposition and the involved phase formation phenomena can also be influenced significantly by electronic properties of the Au substrate. Figure [4](#F4){ref-type="fig"} shows the typical current transient for deposition of Pd.

![The current transient during the electrodeposition of the Pd in the AAO template](1556-276X-5-1137-4){#F4}

As shown in Fig. [4](#F4){ref-type="fig"}, the electrodeposition of Pd nanowires is not a steady state process, and according to the Pd--Au interaction, the current--time transient shows a sharp drop in the initial current density due to the charging of the double layer, which was followed by a nonlinear increase in the current density with electrodeposition time. Such double-layer charging was also observed during electrodeposition of various metals \[[@B27]-[@B31]\]. But, on the contrary of previous studies, electrodeposition kinetic of Pd on Au electrode in AAO template, decreasing and then beginning to increase the current density, occurred in a very long time. Prior to the initiation of electrodeposition, palladium chloride forms \[PdCl~4~\]^2−^, palladium tetrachloro square-planar complex, with NH~4~Cl dissolved in electrolyte as in the following reaction:

The reaction starts after formation and charging of the double layer of hydronium ions (H^+^+H~2~O = H~3~O^+^) and \[PdCl~4~\]^2−^ ions on the Au electrode at the bottom of the AAO nanotubes. During the charging period, the current density decreases sharply with time. The \[PdCl~4~\]^2−^ ions are reduced by accepting electrons from the electrode through hydrogen-bonded (H~3~O^+^) ions. The Pd^+2^ solution used for the electrodeposition was 0.0085 M, and when the Pd^+2^ solution filled a nanotube of the AAO template that has 5.94 × 10^6^ nm^3^ volume, the number of the Pd^+2^ ions was approximately 30,258 in the mentioned AAO nanotube. To form a first atomic Pd^0^ layer on the Au film at the bottom of the AAO nanotube, the process required approximately 120,878 Pd^+2^ ions. Therefore, the required process was diffusion controlled, and double layers at the AAO nanotubes of the template could form very slowly for this electrodeposition process (the initial stage of current density is given in top right of Fig. [4](#F4){ref-type="fig"}). After forming the double layers, current density starts to increase continuously with nonlinear characteristics.

The schematic view of growing of Pd in AAO template is given in Fig. [5](#F5){ref-type="fig"}. The discharging of Pd^0^ to the Au electrode from the \[PdCl~4~\]^2−^ solution can be expressed as follows:

![The mechanism of Pd nucleation in AAO template](1556-276X-5-1137-5){#F5}

Discharging of Pd atoms forms the nuclei on the Au electrodes at the bottom of the AAO nanotubes. Pd atoms were continuously deposited on the Au electrode during the electrodeposition. As the Au electrode is negative in charge, the hydronium ion was attracted toward the electrode, forming a positive layer on the deposited palladium particles followed by a negative layer of \[PdCl~4~\]^2−^.

For understanding the growing mechanism of Pd nanowires, the log (current density)−log (time ^1/2^) transients need to be drawn (Fig. [6](#F6){ref-type="fig"}). It is clearly seen from Fig. [6](#F6){ref-type="fig"} that current density in logarithmic scale is slowly decreased for a period and then decreased sharply to a minimum. After a steady state in this minimum for a period, the current density in logarithmic scale is increased. The increased part of log (current density)−log (time ^1/2^) graph is shown in the right top of the figure. The slope of the log (current density)−log (time ^1/2^) transient is approximately 0.13 A·cm^−2^·s^−1/2^, which indicates that the electrodeposition kinetic follows a parabolic relationship. This situation indicates an electrodeposition process of *spontaneous nucleation* and subsequent three-dimensional growth of formed nuclei. Therefore, the experimentally found out value of the number of the Pd nuclei density (N) can be calculated by using the following relation:

![Log (J)−log (t^1/2^) graph for Pd electrodeposition in AAO template. The increasing part of Log (J)−log (t^1/2^) graph is in the right top of the figure](1556-276X-5-1137-6){#F6}

Here, the value of the parabolic rate constant (*k*~P~) was obtained from the slope of current density--*t*^1/2^ transient. The electrodeposition current (*I*) usually obeys the following growth relation: where *D* is the diffusion coefficient, *c* is the concentration of metallic ions in the solution, *zF* is the effective molar charge of the electrodepositing species and *t* is time. *M* and *ρ* are the molecular weight and density of the metallic species deposited, respectively. In order to calculate Pd nuclei density, the values of described parameters are used as follows; *z* = 2, *F* = 96,500 Coulomb·mol^−1^, *D* = 6.70 × 10^−6^ cm^2^·s^−1^, *M* = 106.42 g·mol^−1^, *c* = 2.087 × 10^−6^ mol·cm^−3^, and *ρ* = 12.023 g·cm^−3^. Thus, for our nanodeposition, Pd nuclei density (N) is calculated as 3.55 × 10^8^ cm^−2^. This value is approximately 1.116 × 10^5^ cm^−2^ for electrodeposition of Pd on the highly oriented pyrolitic graphite (HOPG) \[[@B30]\]. The values of the N estimated for electrodeposition of Pd on HOPG in experimental conditions other than the present situation have been reported to be 5.8 × 10^9^ and 3.6 × 10^8^ cm^−2^\[[@B31],[@B32]\]. The differences in the values are due to applied potential, concentration of the Pd ions in electrodeposition solutions and pH of the electrodeposition solutions.

Figure [7](#F7){ref-type="fig"} shows the SEM images of Pd nanowires after dissolving the AAO template. It can be clearly observed from Fig. [7](#F7){ref-type="fig"} that the Pd nanowires are highly ordered with uniform diameters approximately of 50 nm and lengths approximately 2.5 μm. The Pd nanowires are uniform and standing vertically to the electrode surface in a relatively large area, even though there are a few regions where the nanowires are absent. Therefore, the density of nanowires is almost close to the nanotube density of the fabricated AAO template. The Pd nanowires were not uniformly parallel to one another because of AAO-dissolving process in NaOH solution.

![**a** SEM image of Pd nanowires after removing the AAO template. **b** High-magnification SEM image of Pd nanowires](1556-276X-5-1137-7){#F7}

Figure [8a](#F8){ref-type="fig"} and b show a XRD spectrum and EDX spectra of the fabricated Pd nanowires, respectively. Fig. [8a](#F8){ref-type="fig"} confirms that the Pd nanowires possessed a face-centered cubic (fcc) structure and were well crystallized. The strong diffraction peaks at the Bragg angles of 2θ = 40.20°, 46.78° and 68.10° correspond to the (1 1 1), (2 0 0) and (2 2 0) reflection lines ,respectively, of the fcc phase of palladium. The sharp (1 1 1) peak is good evidence of palladium nanowires with high crystallinity compared to the results of Kartopu et al. \[[@B19]\]. Furthermore, the EDX spectrum (Fig. [8b](#F8){ref-type="fig"}) shows strong Pd signals from the fabricated Pd nanowires and confirms the electrodeposition of pure and high-crystalline Pd nanowires using dilute neutral electrolyte as electrodeposition medium.

![**a** XRD spectrum from the surface of the Pd nanowires. **b** EDX spectra from the surface of the Pd nanowires](1556-276X-5-1137-8){#F8}

Conclusions
===========

Obtained vertically aligned Pd nanowires were approximately 50 nm in diameters and 2.5 μm in lengths with aspect ratio of 46. For determination of optimum growing rate, consequently high grade of nanowire crystallinity, the initial stages of the electrodeposition of Pd nanowires on Au were studied using potentiostat. Nucleation rate and the number of atoms in the critical nucleus are determined from the analysis of current transients. The fabricated Pd nanowires are well arranged (Fig. [7](#F7){ref-type="fig"}), have high crystallinity (Fig. [8](#F8){ref-type="fig"}) and also have less dislocations than fabricated known Pd nanowires due to slower nucleation rate. We believe that understanding the nucleation and growth mechanism in the electrodeposition process of Pd nanowires gives rise to fabricate higher purity, higher crystallinity, and lower dislocated Pd nanowires, suitable for potential nanotechnological applications especially in sensors.
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